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1. ABSTRACT   

Introduction: Cyclooxygenase-2 (COX-2) is overexpressed in several malignancies and is 

implicated in breast cancer progression. Objectives: We investigated whether changes in COX-2 

expression may affect epithelial-to-mesenchymal transition (EMT) and then invasive potential of 

human breast cancer cells, in relationship with hypoxia. COX-2-null MCF-7 human breast cancer 

cells, MCF-7 cells transiently expressing COX-2, and COX-2-expressing MDA-MB-231 cells were 

employed. Results: COX-2 overexpression resulted in down-regulation of E-cadherin and ß-

catenin, up-regulation of vimentin, N-cadherin and SNAI1, suggesting EMT occurrence. COX-2-

overexpressing MCF-7 cells were also characterized by increased invasiveness and release of 

matrix-metalloproteinase-9. The above-mentioned characteristics, homologous to those detected in 

highly invasive MDA-MB-231 cells, were reverted by treatment of COX-2-overexpressing MCF-7 

cells with celecoxib, a COX-2 specific inhibitor, partly through the inhibition of COX-2-related 

intracellular generation of reactive oxygen species. Hypoxia further exacerbated COX-2 expression, 

EMT changes and invasive ability in both COX-2-overexpressing MCF-7 cells and MDA-MB-231 

cells. Finally, immunohistochemistry performed on samples from normal and neoplastic human 

breast tissues revealed that COX-2-positive malignant cells were also positive for EMT-related 

antigens, HIF-2α and the oxidative stress marker heme-oxygenase. Conclusions: These findings 

support the existence of a direct link between COX-2 overexpression, EMT and invasiveness in 

human breast cancer cells, emphasizing the role of hypoxic microenvironment. 
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3 

2. INTRODUCTION 

Breast cancer is a leading cause of death in females in the western world [1]. In the last decade 

several studies have outlined a link between the pathogenesis of breast cancer and the expression of 

cyclooxygenase-2 (COX-2) [2-5]. Deregulation of COX-2 expression leads to an increased 

abundance of prostaglandin E2 (PGE2), which can potentially affect most of key processes in cancer 

development, including proliferation, resistance to apoptosis, angiogenesis, immune suppression 

and invasion [6,7].  

COX-2 expression in invasive breast cancer as well as its crucial role in the ability of carcinoma in 

situ to progress towards invasive breast cancer has been widely documented and likely depends on 

COX-2 role in the destruction of the basal membrane and in the formation of new blood vessels 

allowing tumour growth [8]. Thus, COX-2 expression has been associated with negative prognosis 

and disease progression [9].  

According to literature, also the tumour microenvironment can play a crucial role in cancer 

progression [10], with fluctuation of hypoxia and nutrient deprivation being prominent features 

which can lead  to cellular adaptation. Cell adaptation can favour survival of cancer cells and can 

give rise to heterogeneity and selection of resistant clones, then resulting in a more malignant 

phenotype [11]. Along these lines, hypoxia is indeed a common feature of solid malignant tumours 

and is predominantly caused by abnormal vascularization of the rapidly growing tumour mass, with  

areas of low oxygen pressure being heterogeneously distributed [12,13].  

The key regulators of cellular responses to hypoxia are hypoxia-inducible factors  (HIFs) which are 

known to activate and/or regulate target genes involved in a number of different cellular processes, 

including proliferation, angiogenesis and epithelial-to-mesenchymal transition (EMT), all linked to 

malignant progression [11,14,15]. 

EMT has emerged in recent years as a fundamental biological process, leading epithelial cells to 

lose their polarization and specialized junctional structures, to undergo cytoskeleton reorganization, 

and to acquire morphological and functional features of mesenchymal-like cells [16-19].   
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One of the most convincing evidence for EMT in the clinical scenario involves the loss of selected 

epithelial features in cancer cells, typically involving the adherent junction proteins E-cadherin, α- 

and β-catenin, and cytokeratins, resulting in destabilisation of cell-cell contacts and detachment of 

cells from surrounding ones [20]. Concomitantly, a number of mesenchymal markers are increased 

in their expression, including N-cadherin, vimentin, fibronectin, matrix metalloproteinases as well 

as the transcriptional regulator of the mesenchymal phenotype SNAI1 [21,22] . 

Along these lines, it has been proposed that COX-2 may be induced by the hypoxic 

microenvironment in colorectal and lung cancer cells via HIF-1-dependent mechanisms  [23,24], an 

event that may enhance cell motility and invasion. Although the mechanisms underlying this 

scenario are still not entirely clear, hypoxia-related COX-2 up-regulation is associated with an 

increase in PGE2 levels [24], suggesting a role for PGE2 in the promotion of cell survival under 

hypoxic conditions, a property that tumour cells acquire in order to propagate and progress [15].  

The present study sought to investigate the influence of the COX-2/PGE2 pathway on the behaviour 

of breast cancer cells, focusing the attention on the hypothesis that COX-2 up-regulation may be 

linked to EMT and, therefore, critical for motility, invasion, and metastasis. In order to explore this 

hypothesis we created a model of human breast cancer cells overexpressing COX-2, by means of 

transient transfection of human COX-2 cDNA into the COX-2 null [25], poorly invasive and 

estrogen-dependent MCF-7 human breast cancer cell line. Furthermore, COX-2 expression in 

human breast cancer malignancy was preliminarly examined in a panel of clinical specimens from 

human breast cancers.  

 

3. MATERIALS AND METHODS 

3.1 Materials and reagents 

Mouse monoclonal antibody for -actin and anti-goat Cy3-conjugated secondary antibody were 

purchased from Sigma Chemical Co (MO, USA). Rabbit polyclonal antibodies for p-Akt, p-

ERK1/2, N-cadherin, E-cadherin, SNAI1, HIF-1α, β-catenin, vimentin and HRP-conjugated 
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secondary antibodies were purchased from Santa Cruz Biotechnology, Inc. (CA, USA). Rabbit 

polyclonal antibodies for HO-1 and COX-2 were from Stressgen Biotechnologies (British 

Columbia, Canada) and Cayman Chemical (Ann Arbor, MI, USA), respectively. Rabbit polyclonal 

antibody for HIF-2α was from Novus Biologicals (Cambridge, UK). Anti-rabbit Cy3-conjugated 

secondary antibody was from GE Healthcare Europe GmbH (Milano, Italy). Boyden chambers were 

from Neuro Probe Inc. (MD, USA). The X-treme GENE HP DNA transfection reagent was from 

Roche Diagnostics (Mannheim, Germany). Celecoxib was obtained from Sequoia Research 

Products Ltd (Pangbourne, UK), solubilized in dimethyl sulfoxide (DMSO) and used at a final 

concentration of DMSO that never exceeded 0.1%. The enhanced chemiluminescence reagent and 

nitrocellulose membrane (Hybond-C extra) were from GE Healthcare Europe GmbH (Milano, 

Italy). All other reagents were from Sigma Chemical Co (MO, USA) . 

3.2 Cell lines and culture conditions 

MCF-7 and MDA-MB-231 human breast cancer cells, from American Type Cell Culture (ATCC, 

Manassas, VA, USA), were grown and maintained in DMEM medium supplemented with 10% 

foetal bovine serum, 100 U/ml penicillin, 100 μg/ml streptomycin and 25 μg/ml amphotericin B. 

Cells were cultured at 37 °C in a humidified incubator with 5% CO2 and 95% air, and regularly 

examined using inverted microscope. 

In most of the experiments cells were seeded at 3×10
4
 cells/cm

2
 density and cultured in normoxic 

conditions for 24 h to allow them to adhere. In experiments designed to evaluate the role of 

hypoxia, MCF-7 cells, COX-2-overexpressing MCF-7 cells and MDA-MB-231 cells were first 

seeded in normoxic conditions to obtain the desired subconfluence level (65-70%) and then 

incubated under strictly controlled hypoxic conditions (3% O2) for 2 h, 4 h, 8 h and 24 h [21]. 

3.3 Transient expression of COX-2 

For transfections, the COX-2 cDNA cloned in the pCMV-Sport6 (Source Bioscience, Nottingham, 

UK) was used. MCF-7 cells were seeded onto 6-well plates; after 24 h, the cells were transfected 

with 2 µg DNA/well of either the plasmid encoding the wild-type COX-2, or with the empty vector, 
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using X-treme GENE HP DNA transfection reagent according to manufacturer’s recommendations. 

Cells were allowed to grow 24 or 48 h after transfection before harvesting for the assays. 

3.4 Detection of prostaglandin E2 

Cells plated at 6.5×10
5
 cells in F25 flasks were grown in 10% heat-inactivated FBS for 24 h, 

washed with PBS and serum starved for 24 h. Cells were exposed for 30 min to 10 μM sodium 

arachidonate (Sigma Chemical Co, MO, USA);  then, the  medium was collected from culture plates 

to evaluate PGE2 production using an Enzyme Immunoassay (EIA) according to manufacturer’s 

instructions (Cayman Chemical, Ann Arbor, MI).  

3.5 Viability assay 

Cells were seeded in 12-well culture plates and treated as required. Cells were incubated with 

trypan blue solution (0.5% in NaCl) for 5 min to assess cell viability. Finally, cells were transferred 

to a Bürker chamber and counted by light microscope. Dead cells were defined as those stained 

with the dye.  

3.6 Total extracts  

Cells were seeded in 75 cm
2
 plates and treated as required. Cells were then re-suspended in lysis 

buffer containing 20 mM Tris-HCl (pH 7.4), 150 mM NaCl, 5 mM ethylenediaminetetraacetic acid 

(EDTA), 0.1 mM phenylmethyl-sulfonyl fluoride (PMSF), 0.05% aprotinin, 0.1% Igepal and then 

incubated
 
for 30 min at 4 °C. The suspension was centrifuged

 
for 25 min at 12000 rpm and the 

supernatant was saved as the total extract. Protein levels were measured using a commercially 

available assay (Protein Assay Kit 2, Bio-Rad Laboratories, Milano, Italy) with bovine serum 

albumin as a standard. 

3.7 Western blotting 

Total extracts were
 
then subjected to sodium dodecyl sulphate-polyacrylamide

 
gel electrophoresis 

on 12, 10 or 7.5% acrylamide gels (Bio-Rad Laboratories, Milano, Italy). The blots
 
were incubated 

first with desired primary antibody and then with peroxidase-conjugated anti-mouse or anti-rabbit 

antibodies
 
in Tris-buffered saline-Tween containing 2% (wt/vol) non-fat

 
dry milk, and developed
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with the enhanced chemiluminescence reagent. Band intensities were quantified by densitometry 

(VersaDoc Imaging System 3000, Bio-Rad Laboratories, Milano, Italy) and the expression of
 

proteins was reported as a proportion of β-actin protein
 
expression to monitor gel loading. 

3.8 Morphological analysis 

For indirect immunofluorescence, cells were seeded on 6-well culture plates, allowed to adhere for 

24 h and then treated. After treatment, the cells were fixed and permeabilized with 

methanol/acetone (1:1, v/v). Cells were then incubated with polyclonal antibodies for COX-2, E-

cadherin, N-cadherin, or SNAI1, or with monoclonal antibodies for β-catenin. Immune positivity 

was revealed by means of appropriate Cy3-conjugated secondary antibody and cells were then 

stained with Hoechst to detect nuclei. After PBS washings, the slides were mounted with 

H2O/glycerol (1:1) and viewed under a fluorescence microscope (Carl Zeiss, Jena, Germany). 

Immunohistochemistry was performed on sections from archived paraffin-included specimens 

obtained from patients with breast cancer diagnosed during the period 2010-2011 in  A.O. Ordine 

Mauriziano, Pathology Unit, Torino, Italy. Briefly, after microwave antigen retrieval, sections (2 

µm thick) were incubated with rabbit polyclonal antibodies against COX-2, E-cadherin, HIF-2α, 

SNAI1 and HO-1 (final dilutions: 1:50, 1:100, 1:100, 1:50 and 1:400, respectively) and then 

incubated with EnVision HRP-labelled (DAKO Corporation, Carpinteria, CA, USA) antibodies 

directed against rabbit antigen [26]. Immunohistochemical reactions were visualized by 3′-

diaminobenzidine tetrahydrochloride as chromogen substrate. Negative controls were performed by 

replacing the respective primary antibodies by isotype- and concentration-matched irrelevant 

antibody. 

3.9 Invasion assay 

Cell invasion was analyzed by employing Boyden chambers equipped with 8 μm porosity 

polyvinylpyrrolidone-free polycarbonate filters that were coated with 50 μg/ml of Matrigel solution. 

The filters were then fixed in ice-cold methanol and stained with crystal violet solution. Cell 

invasion was quantified by counting, with a Zeiss microscope (Oberkochen, Germany) equipped 
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with bright-field optics (400x final magnification), crystal violet-stained cells that invaded Matrigel. 

For each filter, cells in 10 randomly chosen fields were counted and expressed as the number of 

invading cells per high-power field. 

3.10 Zimography 

Analysis of the activity of MMPs was performed on culture medium by means of gelatin 

zymography in 0.1% gelatin-30% acrylamide gels.  Equal amounts of culture medium were loaded 

in each lane properly diluted in Sample Buffer 2X (0.5 M Tris HCl pH 6.8, glycerol, 10% SDS, 

0.1% Bromophenol Blue, distilled water, without β-mercaptoethanol) and the overall procedure was 

performed as previously described [21]. Gelatinolytic activity of MMPs was detected as the clear 

zones of lysis against a blue background. Protein molecular weight marker was also run 

simultaneously with the test samples. Images were digitalized by mean of VersaDoc 4000 and 

analyzed with Quantity One software (Bio-Rad Laboratories, Milano, Italy). 

3.11 Detection of intracellular generation of ROS 

Generation of intracellular ROS was analyzed by the semi-quantitative technique based on the use 

of the 2′,7′-dichlorodihydrofluorescein diacetate (DCFH-DA). MDA-MB-231 cells were seeded in 

12-well culture plates (10
5
 cells per well). For comparative purposes, cells were treated or not with 

50 µM hydrogen peroxide (H2O2, positive control) for 15 min under normoxic conditions. ROS 

(green fluorescence) has been detected by using the conversion of DCFH-DA (used at 5 μM 

concentration for 15 min) into the corresponding fluorescent derivative [27]. Cells were observed 

and photographed under a Zeiss fluorescence microscope (600x final magnification). 

3.12 Statistical analysis 

Statistical significance of differences between independent groups were analyzed using the one-way 

ANOVA test with Bonferroni post hoc multiple comparisons. All values are expressed as means ± 

SD, and differences were considered significant at p<0.05. 
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4. RESULTS 

4.1 COX-2 expression and prostaglandin production  

MCF-7 human breast tumour cell line, that lacks endogenous COX-2 expression, was transiently 

transfected with either human COX-2 cDNA or the empty vector (controlVECTOR) by employing X-

treme GENE HP DNA transfection reagent, chosen for its high efficiency of transfection and for 

low cytotoxicity (Fig. 1A).  After transfection, the cells were allowed to grow for 48 h, then the 

presence of COX-2 protein was analyzed by western blotting. As shown in Figure 1B, COX-2 

protein level was strongly increased in transfected MCF-7 cells, while the COX-2 band was not 

detectable in control and in controlVECTOR MCF-7 cells. The overexpression of COX-2 was also 

confirmed by indirect immune fluorescence that revealed the appearance of cytoplasmic COX-2 

immune reactivity only in transfected cells  (Fig. 1C). 

In order to obtain a better estimate of the COX-2 protein level and of its enzyme activity, the 

production of the PGE2, the major product of COX-2-initiated arachidonic acid metabolism, was 

measured in the culture medium with an EIA immunoassay. As expected, only COX-2-

overexpressing MCF-7 cells produced high levels of PGE2 whereas its release was negligible in 

both control cells (Fig. 1D) and in controlVECTOR cells (data not shown). These results indicate that 

in transfected cells the overexpressed COX-2 protein is biologically active.   

4.2 EMT features in COX-2- overexpressing cells 

The morphological changes characteristic of cells undergoing EMT are accompanied by a shift in 

gene expression from an epithelial to a mesenchymal repertoire. To determine whether COX-2 

promotes such a shift, both the expression and cellular distribution of selected EMT markers have 

been investigated by western blotting and immune fluorescence.  In COX-2-overexpressing cells, E-

cadherin and β-catenin protein levels are significantly diminished with respect to control and 

controlVECTOR cells (Fig. 2A). Accordingly, positivity for E-cadherin and β-catenin under immune 

fluorescence was similarly reduced in COX-2-overexpressing MCF-7 cells versus parental MCF-7 

cells, then essentially confirming immunoblot findings  (Fig. 2B). Down-regulation of E-cadherin 
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expression in COX-2-overexpressing MCF-7 cells is associated with an increased expression level 

of the transcriptional repressor SNAI1 (Fig. 2A), that is also significantly localized in the nuclei of 

transfected cells  (Fig. 2B). 

Concomitantly, transfected cells presented an increased expression of the mesenchymal markers N-

cadherin and vimentin (Fig. 2A) and again N-cadherin increased expression was confirmed by   

immune fluorescence analysis (Fig. 2B). 

4.3 Roles of MAPK and PI3K/Akt in EMT induction 

The implementation of EMT also depends on the concomitant activity of a variety of signal-

transduction pathways, including ERK/MAPK and PI3K/Akt which, in turn, are also relevant for 

cell proliferation and survival [16]. Therefore, we determined the possible involvement of ERK1/2 

and Akt kinase pathways in COX-2-dependent induction of EMT. Although literature data suggest 

that activation of ERK/MAPK is usually required for a complete EMT in a variety of tumour 

models [17], in transfected MCF-7 cells no significant increase in the level of the phosphorylated 

isoforms of ERK was observed (Fig. 3A). Whether PI3K/Akt pathway is concerned, the expression 

levels of the active form of Akt (p-Akt), the most important downstream effector of PI3K 

signalling, was significantly higher in transfected MCF-7 cells as compared to control and 

controlVECTOR cells (Fig. 3A). Since this signalling component has been described, following 

activation, to phosphorylate and then inhibit GSK3β [28], a critical signalling cross-road in 

maintaining the epithelial phenotype, we evaluated the level of expression of GSK3β in transfected 

MCF-7 cells. Western blotting analysis revealed that COX-2 overexpression resulted in an apparent 

increase of the phosphorylated (inactive) form of GSK3β (Fig. 3A), a scenario which is  known to 

be potentially consistent with the acquisition of mesenchymal morphology.  

4.4 COX-2 modulation of cell invasiveness 

We next evaluated whether COX-2 overexpression might be associated with an increase in cell 

invasiveness. Interestingly, we found that COX-2-overexpressing MCF-7 cells were three-fold more 

invasive than parental cells (Fig. 3B), and the increased invasiveness was accompanied by a 
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relevant increase of matrix metalloproteinase (MMP)-9 release in the culture medium with respect 

to parental cells (Fig. 3C), whereas MMP-2 was undetectable (not shown). MMPs are secreted 

proteolytic enzymes important in promoting invasion through the extracellular matrix. Among 

them, gelatinases MMP-2 and MMP-9 mediate tumour invasion and metastasis through the 

degradation of collagen IV and their overexpression has been associated with a more aggressive 

tumour phenotype.    

4.5 Inhibition of EMT with a COX-2 inhibitor 

Next, we evaluated the role of COX-2 in inducing EMT and then increased invasiveness by an 

alternative experimental approach involving the use of a COX-2 specific inhibitor, celecoxib. 

Accordingly, COX-2-overexpressing MCF-7 cells as well as parental MCF cells were treated with 

celecoxib at 10, 25 and 50 µM concentrations and its effect on cell viability was analyzed. Results 

obtained confirmed our previous findings [4], as in both MCF cells (Fig. 4A) and COX-2-

overexpressing MCF-7 cells (Fig. 4B) the drug can induce a progressive decrease in cell viability, 

with the most relevant effects on cell viability being detected in the presence of 50 µM celecoxib; as 

a consequence, 50 µM celecoxib was not further used in the other experiments. 

When transfected cells were exposed to celecoxib at 10 and 25 µM concentrations in order to 

evaluate effects on selected EMT markers (Fig. 4C), celecoxib was found to result in an apparent 

increase in E-cadherin and β-catenin levels as well as in a reduction of N-cadherin levels as 

compared to transfected only cells.  Remarkably, results shown in Figure 4D indicate that celecoxib 

treatment was also able to reduce cell invasiveness in a dose-dependent fashion, a finding that 

supports the notion that COX-2 overexpression is required to maintain the increased invasive 

potential. Moreover, it should be noted that apparent recovery of epithelial phenotype as well as 

inhibition of invasiveness were already evident in the presence of 10 µM celecoxib, a concentration 

unable to affect viability in either parental or transfected MCF-7 cells.  

4.6 Hypoxia modulation of COX-2 expression and EMT phenotype 
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A further goal of this study was to investigate whether exposure to hypoxic conditions may affect 

COX-2 expression and the related induction of EMT. For this purpose, parental MCF-7,  COX-2-

overexpressing MCF-7 and COX-2-expressing, highly invasive MDA-MB-231 human breast 

cancer cells were exposed to 3% oxygen for 2 h, 4 h, 8 h and 24 h. 

The intracellular levels of HIF-1α,  evaluated in order to follow the hypoxic response, were similar  

in both parental and transfected MCF-7 cells: HIF-1α levels  were found increased already after 2 h, 

peaked at 4 h and were still higher than those detected under normoxic condition at 8 h and 24 h 

(Fig. 5A,B).  

In parental MCF-7 cells, in which COX-2 is not expressed, changes in HIF-1α levels were 

paralleled by increase of N-cadherin levels (Fig.5A) while COX-2 expression was not induced (data 

not shown). Interestingly, exposure to hypoxic conditions resulted in a further stimulation of COX-

2 expression and in an induction of EMT-related changes in transfected MCF-7 cells, as suggested 

by down-regulation of β-catenin and E-cadherin, and up-regulation of the mesenchymal marker N-

cadherin (Fig. 5B). These changes were also paralleled by significant increase of the invasive ability 

(Fig. 5C) and MMP-9 release (Fig.5D). 

The effects induced by hypoxia were then compared with those detected in COX-2-expressing 

MDA-MB-231 human breast cancer cells. Under normoxic conditions, MDA-MB-231 cells present 

a fibroblastoid-like appearance and are characterised by lack of E-cadherin expression [29] and, at 

the same time, by increased levels of N-cadherin, that is an EMT-related overall 

phenotype/behaviour homologous to the one described in transfected MCF-7 cells. In hypoxic 

condition, MDA-MB-231 cells expressed HIF-1α in a time-dependent manner, as it was increased 

at 2 h, peaked at 4 and 8 h and decreased after 24 h (Fig. 6A). Similarly to the scenario detected in 

transfected MCF-7 cells, HIF-1α level profile was apparently correlated with up-regulation of both 

COX-2 and the mesenchymal marker N-cadherin, as well as with down-regulation of the epithelial 

marker β-catenin (Fig. 6A). Once again, exposure of mesenchymal-like MDA-MB-231 cells to 
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hypoxia resulted in a significant increase of the invasive ability (Fig. 6B) and of MMP-2 and MMP-

9 release in the extracellular medium (Fig.6C). 

4.7 COX-2 modulation of ROS production and heme oxygenase expression 

We next performed experiments in order to investigate whether COX-2 overexpression may be 

critical for intracellular generation of reactive oxygen species (ROS) in human breast cancer cells. 

By employing the DCFH-DA morphological technique, we observed that untreated COX-2-

expressing MDA-MB-231 cells were already characterized by relevant levels of intracellular ROS 

(see positive fluorescence of cells in Fig. 7A), that were not modified by addition of hydrogen 

peroxide in the medium. Of interest, pre-treatment of the same cells with the selective COX-2 

inhibitor celecoxib resulted in a significant inhibition of ROS generation (i.e., significant reduction 

in the number of fluorescent cells). Since these data suggested that COX-2 was significantly 

contributing to intracellular ROS generation, we next analyzed the potential relationships between 

COX-2-related ROS production and the expression of heme oxygenase-1 (HO-1), a cytoprotective 

enzyme with antioxidant activity which is known to be up-regulated in response to increased 

oxidative stress [30]. In agreement with data obtained with DCFH-DA technique, untreated COX-2-

expressing MDA-MB-231 cells were characterized by the presence of readily detectable HO-1 

protein levels. Moreover, HO-1 protein levels, unmodified following exposure to H2O2, were 

drastically reduced in cells pre-treated for 24 h with the selective COX-2 inhibitor celecoxib (Fig. 

7B), thus confirming the involvement of COX-2 in ROS generation.  

4.8 COX-2, E-cadherin,  HIF-2α, SNAI1 and HO-1  tissue expression  

In order to investigate whether data obtained in cell culture may have an in vivo counterpart, we 

next performed immunohistochemistry for COX-2, E-cadherin, HIF-2α, SNAI1 and HO-1 on serial 

sections obtained from either three normal breast tissue specimens or twelve specimens obtained 

from patients with ductal breast cancer (Fig. 8). COX-2 immune positivity, which was detectable at 

low level in normal breast tissue, was found to have a predominant cytoplasmic and perinuclear 

localization in breast cancer epithelial cells, according to previous data from our laboratory [5] and 
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other research groups [31]. By comparing immune histochemical images obtained in normal breast 

tissue and ductal breast cancer, malignant breast cells differed from normal breast epithelial cells 

not only for COX-2-positivity but also for a number of additional significant features, including: a) 

strongly increased positive nuclear staining for the EMT-related transcription factor SNAI1 and the 

hypoxia-related transcription factor HIF-2α; b) significantly decreased positive staining, diffuse in 

the cytoplasm, for E-cadherin, as compared to the very strong positive staining observed in normal 

breast specimens; c) strong positive cytoplasmic staining for HO-1 (absent in epithelial cells of 

normal breast). These morphological observations are consistent with the concept that COX-2-

positive malignant cells in vivo may not only express EMT-related features but may also face 

conditions of tissue hypoxia and intracellular ROS generation. 

 

5. DISCUSSION  

The aim of the present study was to investigate whether changes in COX-2 expression may affect 

epithelial to mesenchymal transition (EMT) and invasive potential of human breast cancer cells. As 

a first approach, we successfully transfected slow growing, non-invasive COX-2 null MCF-7 

human breast tumour cells in order to obtain cancer cells that transiently overexpressed COX-2 and 

to analyse then COX-2 putative role in the modulation of phenotypic features and invasiveness.  

One of the most interesting changes we detected in transfected MCF-7 cells was the apparent loss of 

selected epithelial features and the acquisition of mesenchymal-like phenotypic changes that are 

widely considered as hallmarks of EMT. At first, transfected MCF-7 cells exhibited an increase of 

N-cadherin and vimentin expression accompanied by a reduction of E-cadherin and β-catenin 

levels. E-cadherin is a key member of a family of functionally related transmembrane glycoproteins 

that mediate intercellular adhesion. The cytoplasmic terminal tail of E-cadherin links specifically to 

β-catenin, that, in turn, binds directly to cytoskeletal actin leading to the assembly of cell-cell 

junctions. A loss of E-cadherin expression or function was frequently shown in many different 

types of tumours, where it accompanies the invasiveness and metastatic behaviour of malignant 
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cells [14-16,22,32]. It is well known that down-regulation and relocation of E-cadherin/β-catenin 

complex is critical in the EMT process, leading to β-catenin release from the cell membrane 

followed by accumulation in the cytoplasm and translocation to the nucleus where it promotes cell 

proliferation. These data are consistent with and further expand preliminary data published earlier 

that were suggesting changes into a fibroblastoid morphology and increased vimentin expression in 

MCF-10 cells  stably transfected to overexpress COX-2 [33].  

According to literature data [18], down-regulation of E-cadherin in transfected MCF-7 cells is 

related to the overexpression of SNAI1, a zinc finger transcription factor able to directly repress E-

cadherin expression following its binding to the E-boxes of the human E-cadherin promoter [16,19]. 

Indeed, overexpression of SNAI1 predicts for a more aggressive tumour phenotype [34] and studies 

on breast cancer indicated that SNAI1 overexpression is associated with increased lymph node 

involvement, invasiveness and metastatic potential [35] as well as with decreased recurrence-free 

survival [36] through mechanisms that remains largely unresolved. 

Moreover, SNAI1 up-regulation detected in transfected MCF-7 cells is likely to be related to the 

increase of the phosphorylated form (i.e., inactive form) of GSK3β. Accumulating literature 

evidences indicate that GSK3β activity is critical in maintaining the epithelial phenotype, with  

GSK3β-dependent SNAI1 binding and phosphorylation facilitating its proteasomal degradation 

[32,37,38]. Accordingly, inhibition of GSK3β upon phosphorylation can promote the stabilization 

and the nuclear translocation of SNAI1, and the subsequent induction of EMT [16,32,39].  

Concerning mechanisms able to relate COX-2 overexpression and EMT, recent reports [40] indicate 

that COX-2/PGE2 pathway may be responsible for activation of both PI3K/Akt and ERK1/2 

pathways via the prostaglandin EP4 receptor, thus resulting in increased growth, motility, and 

resistance to apoptosis of cancer cells. Data in this study, however, indicate that in COX-2-

overexpressing MCF-7 cells only the levels of phospho-Akt were up-regulated whereas no apparent 

increase of phosphorylated (i.e., active) ERK1/2 isoforms was detected. This is consistent with 

literature data [41,42] indicating that PI3K/Akt signalling plays a prominent role in inducing and 
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maintaining EMT and also suggest that in transfected MCF-7 cells overexpression of COX-2, 

through activation of PI3K/Akt, can result in the reduction of the active form of GSK3ß and 

modulation of EMT-related signals, including up-regulation of SNAI1 and consequent repression of 

E-cadherin gene transcription and EMT induction. This interpretation is sustained by the following 

major findings and considerations: a) transfected MCF-7 cells exhibited a more invasive phenotype 

with respect to parental cells and possessed extracellular matrix degrading activity that was likely 

due to the release of the matrix metalloproteinase 9; b) the overall phenotype of transfected MCF-7 

cells was consistent with the one exhibited by the more aggressive and invasive MDA-B231 cells, 

which are known to normally overexpress COX-2; c) EMT related changes and increased 

invasiveness were at least partly prevented by pre-treatment of COX-2 expressing human breast 

cells with celecoxib,  a well known selective COX-2 inhibitor.    

Whether the critical role of COX-2 in EMT induction from a mechanistic point of view is 

concerned, current literature offers a number of inter-related and established concepts. First,  COX-

2  has been suggested to be up-regulated in colorectal and lung cancer cells by hypoxic conditions 

through HIF-1-dependent mechanisms [14,23,24], and that such an induction can enhance cell 

motility and invasiveness. This is potentially relevant since the presence of hypoxic areas within the 

neoplastic mass represents a major and common feature of clinically relevant solid malignant 

tumours  [43]. Moreover, hypoxia is currently believed to provide a strong selective pressure able to 

eventually favour proliferation and survival of the most aggressive malignant cells and the detection 

of hypoxic areas within a neoplastic mass is considered an independent prognostic indicator of poor 

outcome with a significant risk to develop metastasis that may escape therapy [12,44]. Relevant to 

this study, hypoxia has also been shown to trigger epithelial-to-mesenchymal transition (EMT) in 

human malignant cancer cells of different origin [21]. Along these lines, in the present study we 

were able to confirm that exposure of COX-2-overexpressing MCF-7 and COX-2 expressing, 

highly invasive MDA-MB-231 human breast cancer cells to hypoxia resulted in a further (i.e., two 

fold) increase in the expression of COX-2 protein as well as in an exacerbation of typical EMT-
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related changes (down regulation of β-catenin, up-regulation of N-cadherin) coupled to increased 

release of MMPs and overall invasive ability. These results then corroborate the relevant additional 

concept that hypoxic conditions can effectively enhance COX-2 expression levels and through this 

event further promote EMT induction and invasiveness. Such a scenario is compatible with results 

obtained by immunohistochemistry performed on thin serial sections obtained from normal breast 

tissue and breast cancer specimens (Fig. 8). This morphological analysis showed that malignant 

epithelial cells of ductal breast cancer were characterized by positive immune-staining for COX-2 

as well as by changes consistent with ongoing EMT (decreased staining for E-cadherin and 

increased nuclear staining for SNAI1). Moreover, epithelial breast cancer cells but not epithelial 

cells in normal breast, showed cytoplasmic immune positivity for HO-1 as well as a very  

significant increase in nuclear positivity for HIF-2α. Taken together, these data  suggest  that in vivo 

COX-2-positive cells were likely not only to express EMT-related features but also to face 

conditions of tissue hypoxia and intracellular reactive oxygen species (ROS) generation. These data 

are also consistent with previous results suggesting the existence of a statistically significant 

association between COX-2 and human breast cancer-related clinic-pathological parameters 

associated with poor prognosis, such as size, grading, extent of primary tumor, nodal status and 

vascular invasion [5].   

A final relevant concept should be recalled that may further interconnect COX-2 and hypoxia.  

COX-2 up-regulation during hypoxia has been associated with an increase in PGE2 levels [24] and 

the latter has been proposed to play a role in the promotion of cell survival under hypoxic 

conditions, critical for tumour cells to propagate and progress [12]. Recent studies reported that 

activation of COX-2 led to increased intracellular generation of ROS mechanistically linked to 

EMT induction in prostate cancer cells, an event efficiently prevented by either antioxidant 

treatment or by COX-2 silencing [45,46,47].   

The possible critical role of ROS generated by COX-2 has been revealed in the present study 

concerning human breast cancer cells. Indeed, COX-2 expressing MDA-MB-231 cells produced 
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abundant levels of ROS, which were significantly reduced by the selective COX-2 inhibitor 

celecoxib. Accordingly, celecoxib pre-treatment was also able to down-regulate the expression of 

the redox-sensitive enzyme HO-1, which is overexpressed in untreated MDA-MB-231 cells (this 

study) as well as in other cancer cells [30]. In keeping with a critical role of ROS released by COX-

2, our results suggest that COX-2 up-regulation can contribute to ROS generation in breast cancer 

cells. Furthermore, since celecoxib was reported in our study to prevent EMT changes and 

invasiveness related to COX-2 expression, it is conceivable that COX-2-related induction of EMT 

and enhancement of cancer cell invasiveness may significantly depend also on COX-2-dependent 

intracellular production of ROS. 

According to this hypothesis, a recent report highlighted that cancer-associated macrophages 

(CAM), through a IL-1β-dependent and ROS-mediated induction of COX-2 expression in 

HCC1954 breast cancer cells, resulted in an enhancement in their aggressiveness [48]. Although 

EMT was not specifically investigated, the data from the latter study suggest than that also stimuli 

released from cancer associated macrophages may contribute to COX-2 expression again in a 

redox-related way.  

5.1 Conclusions 

COX-2 up-regulation has been reported in a number of different tumour types [49], and there has 

been a great deal of interest in attempting to achieve additional understanding of the regulatory 

networks that control COX-2-related effects. In this scenario, the results obtained in our study 

allowed to gain additional insights into the biological roles of COX-2 in human breast cancer cell 

behaviour suggesting a direct link between COX-2 overexpression and invasive ability. COX-2-

related induction of EMT and increased invasiveness in breast cancer cells, as proposed from a 

recent study in prostate cancer cells, is likely to be also significantly related to COX-2-dependent 

intracellular generation of ROS, a scenario which is likely to be emphasized by either hypoxic 

conditions or other signals (growth factors, cyto- and chemokines) from cancer microenvironment 

(Fig. 9).   
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Future studies into the emerging players within the COX-2/PGE2 pathway may reveal novel 

approaches for more safely targeting this pathway for both cancer chemoprevention and therapy.  
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8. TITLES AND LEGENDS TO FIGURES 

FIGURE 1: COX-2 expression, subcellular localization and activity. 

MCF-7 cells were transiently transfected by employing X-treme GENE HP DNA transfection 

reagent.   

A: Cell viability was assessed by the trypan blue exclusion test after 48 h from the transfection. 

Results are expressed as viable cell number/ml and represent mean ± S.D. of three independent 

experiments, each performed in triplicate.  

B: COX-2 protein expression levels were analyzed by western blotting. Total cell lysates were 

incubated with polyclonal antibody for COX-2 and then with HRP-conjugated secondary antibody. 

The blot shown is representative of three independent experiments. 

C: COX-2 immune reactivity was detected in MCF-7 cells exposed to anti-COX-2 polyclonal 

primary antibody followed by anti-mouse Cy3-conjugated secondary antibody. To detect nuclei the 

cells were stained with Hoechst. The images show the overlaid pictures (400× final magnification) 

and are representative of three independent experiments.  

D: COX-2 activity was detected by measuring the amounts of PGE2 in cell culture medium as 

described in Materials and Methods. Data are expressed as pg/ml PGE2 and represent mean ± S.D. 

of three independent experiments, each performed in triplicate.  

 

FIGURE 2: Expression and subcellular localization of EMT markers in MCF-7 cells under 

normoxic condition. 

A: Total cell lysates were analyzed by western blotting to determine the expression levels of E-

cadherin, β-catenin, N-cadherin, vimentin and SNAI1. The optical density of the bands was 

determined by densitometry, normalized with respect to that of the corresponding β-actin band and 

expressed as arbitrary units relative to the control (S.D. < 10%). The data are representative of three 

independent experiments.  
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B: The cells were fixed and exposed to anti-E-cadherin, β-catenin, N-cadherin and SNAI1 primary 

antibody followed by proper Cy3-conjugated secondary antibody. To detect nuclei the cells were 

stained with Hoechst. The images show the overlaid pictures (400× final magnification) and are 

representative of three independent experiments.  

 

FIGURE 3: Analysis of COX-2 related signaling pathway and invasive ability. 

A: Total cell lysates were analyzed by western blotting to determine the expression levels of p-Akt 

p-ERK1/2 and p-GSK3β. The optical density of the bands was determined by densitometry, 

normalized with respect to that of the corresponding Akt,  ERK1/2  or β-actin band and expressed 

as arbitrary units relative to the control (S.D. < 10%). The data are representative of three 

independent experiments.  

B: Matrigel invasion was evaluated by employing Boyden chamber’s assay; each filter was 

examined with a Zeiss microscope (400x final magnification) and the number of cells able to invade 

the matrigel was counted. Data are expressed as the number of
 
cells per high-magnification field 

and represent the mean of three independent experiments, each performed in triplicate (bars, S.D.). 

*p<0.01 versus values in MCF-7 parental cells (control). 

C: MMP-9 release was determined by gelatin zymography of cell-free supernatants obtained from 

MCF-7 cells maintained for 24 h under normoxic condition. The zymogram shown is representative 

of three independent experiments. Gelatinase activity was estimated by densitometry and expressed 

as arbitrary units relative to normoxic control (S.D. < 10%).  

 

FIGURE 4:  Effect of celecoxib on cell viability, EMT induction and invasive ability. 

Control and transfected MCF-7 cells were incubated for 24 h in the absence or in the presence of 

celecoxib at the indicated concentrations.  
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A,B: Cell viability was assessed by the trypan blue exclusion test in control (A) and transfected (B) 

MCF-7 cells. Results are expressed as number of viable cells/ml and values represent mean ± S.D. 

of three independent experiments, each performed in triplicate.  

* p<0.05, ** p<0.001  versus values in respective control. 

C: Total cell lysates were analyzed by western blotting to determine levels of COX-2, E-cadherin, 

ß-catenin and N-cadherin. The optical density of the bands was determined by densitometry, 

normalized with respect to that of the corresponding -actin band and expressed as arbitrary units 

relative to the control (S.D. < 10%). The data are representative of three independent experiments.  

D: Matrigel invasion was evaluated by employing Boyden chamber’s assay; each filter was 

examined with a Zeiss microscope (400x final magnification)  and the number of cells able to 

invade the matrigel was counted. Data are expressed as the number of
 
cells per high-magnification 

field and represent the mean of three independent experiments, each performed in triplicate (bars, 

S.D.).  

*p<0.001 versus values in control cells; 
§
p<0.05, 

§§
p<0.01 versus values in transfected cells 

 

FIGURE 5:  Effect of hypoxia on EMT induction and invasive ability in control and transfected 

MCF-7 cells. 

A, B: Control (A) and transfected (B) MCF-7 cells were incubated for 0 h (control), 2 h, 4 h, 8 h 

and 24 h under hypoxic conditions. Total cell lysates were analyzed by western blotting to 

determine levels of HIF-1α, β-catenin, E-cadherin, N-cadherin and COX-2. The optical density of 

the bands was determined by densitometry, normalized with respect to that of the corresponding β-

actin band and expressed as arbitrary units relative to the control (S.D. < 10%). The data are 

representative of three independent experiments.  

C: Control and transfected MCF-7 cells were incubated for 24 h under hypoxic conditions. Matrigel 

invasion was evaluated by employing Boyden chamber’s assay; each filter was examined with a 

Zeiss microscope (400x final magnification)  and the number of cells able to invade the matrigel 
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was counted. Data are expressed as the number of
 
cells per high-magnification field and represent 

the mean of three independent experiments, each performed in triplicate (bars, S.D.). *p<0.01 

versus values in normoxic control cells. 

D: Control and transfected MCF-7 cells were incubated for 24 h under normoxic and hypoxic 

conditions. MMP-9 release was determined by gelatin zymography of cell-free supernatants. The 

zymograms shown are representative of three independent experiments. Gelatinase activity was 

estimated by densitometry and expressed as arbitrary units relative to normoxic control (S.D. < 

10%). 

 

FIGURE 6:  Effect of hypoxia on EMT induction and invasive ability in MDA-MB-231 cells. 

A: MDA-MB-231 cells were incubated for 0 h (control), 2 h, 4 h, 8 h and 24 h under hypoxic 

conditions. Total cell lysates were analyzed by western blotting to determine levels of HIF-1α, 

COX-2, β-catenin and N-cadherin. The optical density of the bands was determined by 

densitometry, normalized with respect to that of the corresponding β-actin band and expressed as 

arbitrary units relative to the control (S.D. < 10%). The data are representative of three independent 

experiments. 

B: The cells were incubated for 24 h under normoxic and hypoxic conditions. Matrigel invasion was 

evaluated by employing Boyden chamber’s assay; each filter was examined with a Zeiss 

microscope (400x final magnification) and the number of cells able to invade the matrigel was 

counted. Data are expressed as the number of
 
cells per high-magnification field and represent the 

mean of three independent experiments, each performed in triplicate (bars, S.D.).  

*p<0.01 versus values in normoxic control cells. 

C: The cells were incubated for 24 h under normoxic and hypoxic conditions. MMP-2 and -9 

release was determined by gelatin zymography of cell-free supernatants. The zymograms shown are 

representative of three independent experiments. Gelatinase activity was estimated by densitometry 

and expressed as arbitrary units relative to normoxic control (S.D. < 10%).  
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FIGURE 7. Intracellular generation of ROS and heme oxygenase-1 expression in MDA-MB-231 

cells. 

A: Generation of intracellular ROS was detected by the semi-quantitative technique based on the 

use of 2′,7′-dichlorodihydrofluorescein diacetate (DCFH-DA) in MDA-MB-231 control cells, in 

MDA-MB-231 cells treated for 15 min with 50 μM H2O2 (positive control) and in MDA-MB-231 

cells exposed for 4 h to celecoxib  at 10 and 25 µM concentrations. For any condition, the image is 

obtained by digital overlay of phase contrast image with DCFH-DA positive image. Data in bar 

graph are expressed as number of fluorescent cells for field and represent the mean ± S.D. of three 

independent experiments. *p<0.01 versus values in control cells. 

B: Heme oxygenase-1 expression was analyzed by western blotting. MDA-MB-231 cells were 

treated or not for 30 min with 50 µM H2O2 (positive control) or with celecoxib for 24 h at 10 and 25 

µM concentrations. Total cell lysates were incubated with polyclonal antibody for HO-1 followed 

by HRP-conjugated secondary antibody. The optical density of the bands was determined by 

densitometry, normalized with respect to that of the corresponding β-actin band and expressed as 

arbitrary units relative to the control (S.D. < 10%). The data are representative of three independent 

experiments.  

 

FIGURE 8. Expression of COX-2, EMT markers and heme oxygenase-1 in normal breast tissue 

and ductal breast cancer (G2, score 7, Elston-Ellis).  

Immunohistochemical analysis was performed on serial sections from paraffin-included normal 

(n=3) breast tissues and breast cancer (n=12) specimens using rabbit polyclonal antibodies against 

COX-2, E-cadherin, HIF-2α, SNAI1 and HO-1. Immunohistochemical reactions were visualized by 

3′-diaminobenzidine tetrahydrochloride as chromogen substrate. Nuclei were counterstained with 

hematoxylin. Original magnification as indicated.  
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FIGURE 9. Schematic representation of the COX-2-related mechanisms potentially leading to 

mesenchymal morphology in breast cancer cells. COX-2 overexpression, further enhanced by 

hypoxia, can induce generation of ROS leading to activation of the PI3K/Akt signaling pathway. 

Activated Akt may cause the inactivation of GSK3β by phosphorylation, which, in turn, can favor 

translocation of SNAI1 to the nucleus where it functions as a repressor of E-cadherin and then 

initiates EMT. Celecoxib, as a specific COX-2 inhibitor, can negatively affect EMT induction.   

 


